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SYSTEMS AND METHODS FOR MEASURING PULSE WAVE VELOCITY AND 

AUGMENTATION INDEX 

BACKGROUND OF THE INVENTION 

1. Field of Invention 

[0001] This invention relates to non-invasively measuring a vascular pressure 
waveform. 

2. Description of Related Art 

[0002] The pulse wave velocity, that is, the velocity at which a pressure wave 
propagates along a blood vessel, such as an artery, varies depending on the physical 
characteristics and properties of the blood vessel. Such properties may include the stiffness 
(elasticity) and geometrical dimensions of the vessel. Elastic properties of blood vessels are 
known to change with aging and with the onset and development of arteriosclerosis. 

[0003] Determining the pulse wave velocity depends on accurately measuring 
pressure waveforms at two distinct locations on the body. The wave propagation time is then 
derived by determining the time it takes the pressure waveform to travel the distance (d) 
between the two distinct locations. The pulse wave velocity is then determined as the ratio of 
the distance (d) between the two distinct locations and the propagation time (t), i.e., (d/t). 

[0004] Because prior noninvasive blood pressure waveform measurement 
techniques have proven inaccurate, pulse wave velocity is most commonly measured, for 
example, by inserting catheters into the vascular system at two distinct locations of an artery. 
However, inserting of catheters into the body invites the danger of bleeding, as well as the 
possibility of infection. Therefore, using such catheters to measure pulse wave velocity is not 
a preferred method of screening for arteriosclerosis or other aging of the vascular system in a 
living being. 

[0005] Arterial tonometry, for measuring arterial pressure waveforms, has been 
used to determine pulse wave velocity indirectly, by noninvasively measuring radial artery 
blood pressure, at the pulse at one's wrist. This method of arterial tonometry compresses the 
radial artery between a superficial (external) sensor and the underlying radius bone. A 
miniature pressure transducer within the sensor then detects the arterial pressure, which is 
then mathematically transformed to estimate a central aortic pressure waveform. 

[0006] The same arterial tonometry system or technique is not feasible, at least with 
a high degree of reliable accuracy, for measuring a pressure waveform in, for example, a 
carotid artery in a living being's neck. In particular, the tissues of the neck preclude such a 
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tonometer sensor from adequately compressing the carotid artery to yield an accurate 
pressure waveform as is possible in the radial artery measurement technique. 

[0007] A pencil-type tonometer has previously been used to noninvasively measure 
a carotid artery pressure waveform. Such a pencil-type tonometer is not readily usable since 
it requires considerable expertise and experience in order to obtain a high-fidelity carotid 
pressure waveform of reliable accuracy. Moreover, motion artifacts can easily, and 
detrimentally, affect the fidelity of a pressure waveform in a pencil-type tonometer. In 
addition, the pencil-type tonometer is susceptible to inadvertent motions of a person or of the 
pencil-type sensor. Such inadvertent motions often render inaccurate the pressure waveform 
representations obtained from the pencil-type tonometer. 

SUMMARY OF THE INVENTION 

[0008] This invention provides systems and methods that non-invasively measure 
the pressure waveform of blood traveUng through blood vessels in a living being. 

[0009] This invention separately provides systems and methods that reduce 
distortion in a non-invasively measured pressure waveform in a living being. 

[0010] This invention separately provides systems and methods that determine 
pulse wave velocity of blood traveling through blood vessels in a living being based upon the 
non-invasively measured pressure waveform and an electro-cardiogram (ECG) and/or a 
phono-cardiogram (PCG). 

[001 1] This invention separately provides systems and methods that determine an 
augmentation index of a living being based upon the non-invasively measured pressure 
waveform. 

[0012] This invention separately provides systems and methods that determine a 
likelihood, or existence, of vascular system obstructions, arteriosclerosis, disease, or other 
deficiencies based upon a comparison of the pulse wave velocity and/or augmentation index 
value of a living being derived from the non-invasively measured pressure waveform to a 
corresponding pulse wave velocity or augmentation index value for a healthy living being of 
similar physiological characteristics. 

[0013] In various exemplary embodiments of the systems and methods of the 
invention, a carotid artery pressure waveform may be noninvasively determined by a 
tonometric sensing device that encircles a living being's neck, such that sensors are located 
substantially at or on the area of the neck where the carotid artery is located. As a result, the 
pressure waveform in the carotid artery is detected. The sensor-detected arterial pressure 



waveform is then used to make a rapid and accurate determination of the pulse wave velocity 
and/or of an augmentation index of the vascular system of the living being. 

[0014] The detected or measured vascular pressure waveform is mathematically 
manipulated to determine a measured pulse wave velocity and/or a measured augmentation 
index for a living being. Then the measured augmentation index for the living being is 
compared to a generally accepted augmentation index value for a healthy living being of 
similar physiological characteristics. 

[0015] Alternatively, or in addition to, determining and comparing the measured 
augmentation index to the generally accepted augmentation index value, the measured pulse 
wave velocity for the living being may be compared to generally accepted pulse wave 
velocity values typical for healthy living beings. 

[0016] When the difference between the measured pulse wave velocity and the 
corresponding typical pulse wave velocity value, or the difference between the measured 
augmentation index and the corresponding typical augmentation index value, is outside of a 
predetermined range, then the living being is identified as having, or being at risk of having, 
vascular system obstructions, deficiencies and/or disease. The non-invasively determined 
vascular pressure waveform can therefore be useful information, for example, for diagnosing 
obstructions, and/or hardening, of the carotid artery. Such obstructions, hardening, disease 
and/or other deficiencies of the vascular system of a livmg bemg are typically related to aging 
and the onset and development of arteriosclerosis. 

[0017] Various exemplary embodiments of the systems and methods according to 
this invention include a device that reliably produces a graphical representation of an arterial 
pressure waveform by controlling the damping conditions of the sensor applied to the carotid 
artery. Damping the sensor reduces, or, ideally, eliminates, distortions in the measured 
pressure waveform, such that the data derived fi-om the measured pressure waveform may be 
meaningfiilly compared to generally accepted values, for example, for the pulse wave 
velocity and/or the augmentation index for a healthy living being. Such a comparison 
requires that the measured waveform have substantially the same shape as a hypothetical 
perfectly-sensed pressure waveform fi-om which the generally accepted values would be 
derived. 

[0018] Perfect, error-fiee measurement of the pressure waveform is, of course, a 
hypothetical ideal. In practice, measurement by an invasive catheter can approach the ideal 
of error-free measurement. 



[0019] Mathematically manipulating data from catheter-sensed pressure waveforms 
of living beings of various physiological characteristics, such as height, weight and age, for 
example, yields ideal pulse wave velocity and ideal augmentation index values that are 
generally accepted. Similarly, manipulating the measured arterial pressure waveform of a 
living being yields a measured pulse wave velocity and a measured augmentation index value 
for that living being. Any substantial distortion of the shape of a measured arterial pressure 
waveform from the shape of the hypothetical perfectly-sensed arterial pressure waveform 
would render comparing the two waveforms unreliable for predicting the existence, or 
likelihood, of vascular obstructions, disease, or other deficiencies in a living being's vascular 
system based on values derived from the two differently-shaped waveforms. 

[0020] Various exemplary embodiments of the vascular tonometry systems and 
methods according to this invention may be used non-invasively to more easily and reliably 
determine the vascular pressure waveform than the required severe compression of the radial 
artery to detect pressure in the previous radial artery method. Further, various exemplary 
embodiments of the vascular tonometric sensor according to this invention may be applied 
about a living being's neck to produce a substantially continuous recording of, for example, 
the carotid artery pressure waveform of that living being without generating the motion 
artifacts and waveform distortions that occur in pencil-type tonometry systems. 

[0021] Various exemplary embodiments of the vascular tonometry sensor according 
to this invention include a substantially C-shaped device that fits around a living being's neck. 
Thus, aligning the sensors against that living being's neck in the area or location of, for 
example, the carotid artery, is very easily achieved. As a result, the vascular pressure 
waveform in the carotid artery is accurately sensed without needing to tediously align and re- 
align the device. This reduces the expertise and experience level required to use such 
exemplary embodiments of the vascular tonometer sensor according to this invention, while 
still being able to reliably sense the arterial pressure waveform. 

[0022] These and other features and advantages of this invention are described in, 
or are apparent from, the following detailed description of various exemplary embodiments 
of the systems and methods according to this invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0023] Various exemplary embodiments of the systems and methods of this 
invention will be described in detail with reference to the following figures, wherein: 



[0024] Figure 1 illustrates a general representation of an exemplary hypothetical 
perfectly-sensed carotid artery pressure waveform and a general representation of an 
exemplary distorted carotid artery pressure waveform; 

[0025] Figure 2 illustrates an exemplary hypothetical perfectly-sensed carotid artery 
pressure waveform; 

[0026] Figure 3 illustrates an exemplary measured carotid artery pressure waveform 
measured using a sensor with low damping; 

[0027] Figure 4 illustrates an exemplary measured carotid artery pressure waveform 
measured using a sensor with medium damping; 

[0028] Figure 5 illustrates an exemplary measured carotid artery pressure waveform 
measvired using a sensor with high damping; 

[0029] Figure 6 represents a graph of generally accepted augmentation index values 
for living beings based on the physiological characteristics of the age of living beings; 

[0030] Figure 7 illustrates an exemplary embodiment of a tonometric sensor 
according to this invention; 

[0031] Figure 8 is a schematic representation of the anatomy of a human neck 
subject to a sensor head according this invention; 

[0032] Figure 9 is a schematic representation showing in greater detail the various 
physiological tissues and structures in a human's neck that the tonometer sensor device 
according to the invention considers in order to produce a high fidelity blood pressure 
waveform; 

[0033] Figure 10 is a block diagram of an exemplary arrangement of the various 
physiological tissues and structures and the sensor used to simulate a blood pressure 
waveform measurement according to the systems and methods of this invention; 

[0034] Figure 1 1 illustrates a general representation of an electrocardiogram and a 
phonocardiogram; 

[0035] Figure 12 illustrates an electrocardiogram and an exemplary shaped carotid 
artery pressure waveform; 

[0036] Figure 13 illustrates an electrocardiogram, a phonocardiogram and an 
exemplary shaped carotid artery pressure waveform; and 

[0037] Figure 14 illustrates an electrocardiogram, a phonocardiogram, an 
exemplary shaped carotid artery pressure waveform, and a femoral artery pressure waveform. 



DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS 
[0038J Figure 1 illustrates a general representation of an exemplary hypothetical 
perfectly-sensed carotid artery pressure waveform 100 of a living being. The hypothetical 
perfectly-sensed carotid artery pressure waveform 100 is a representation of the shape one 
could expect a pressure waveform to have, were one able to have a sensor in the aorta to 
detect the initial and secondary thrusts of blood ejected from the heart or a sensor in the 
carotid artery, for example, to detect when the initial and secondary thrusts of blood from the 
heart have reached the carotid artery. The hypothetical perfectly-sensed carotid artery 
waveform 100 of any being is unique. The hypothetical perfectly-sensed carotid artery 
pressure waveform is related to several quantifiable factors, such as age, height, weight, and 
the like, as well as being based on many pertinent non-quantifiable factors, such as mental, 
emotional and psychological conditions. 

[0039] Figure 1 further illustrates a general representation of an exemplary distorted 
carotid artery pressure waveform 110. The exemplary distorted carotid artery pressure 
waveform 110 represents generally what one might expect a carotid artery pressure waveform 
to appear as, were the carotid artery pressure actually measured by a generally available 
pressure sensmg device. The shape of the distorted pressure waveform 1 1 0 deviates from the 
shape of the ideal pressure waveform ICQ in Figure 1 due to harmonic distortion, bad 
frequency response or other sensor response characteristics of the sensing device. 

[0040] The hypothetical perfectly-sensed pressure waveform 1 00 and the distorted 
pressure waveform 110 shown in Figure 1 exhibit the same maximum pulse amplitude, or 
peak, in terms of pressure and time for the second peak of each waveform. However, 
because of the difference in the shape of the distorted pressure waveform 110 compared to 
the hypothetical perfectly sensed pressure waveform 100, the first peak of waveforms 100 
and 1 10 differ. As a result, a mathematically derived augmentation index (Ah) based on the 
first and second peaks of the hypothetical perfectly sensed pressure waveform 100 differs 
from a similarly mathematically derived augmentation index (A^) based on the first and 
second peaks of the measured pressure waveform 1 10. Thus, to rehably compare the 
augmentation index values Ah and A^ derived from the two waveforms 100 and 1 1 0, the 
distortion in the measured pressure waveform 1 10 needs to be controlled or reduced such that 
the shape of the distorted waveform 110 more nearly approximates, or, ideally, duplicates, 
the shape of the ideal waveform 100. 

[0041] The augmentation index (A) is a mathematically derived value that is 
determined based upon the first and second peaks, and the maximum and minimum pulse 



heights of a vascular pressure waveform. Generally, the augmentation index may be 
determined as: 



A-(Ph2-Phl)/(Phs-Phd) (1) 

where: 

[0042] A is the augmentation index corresponding to a hypothetical augmentation 
index Ah, or to a measured augmentation index A^; 

Ph2 is the second peak height in the pressure waveform; 
Phi is the first peak height in the pressure waveform; 

Phs is the systole pulse height value generally represented as the second peak height in 
a pressure waveform; and 

Phd is the diastole pulse height value represented as the beginning or baseline value in 
a pressure waveform. 

[0043] Thus, using the general representations of the exemplary hypothetical 
perfectly-sensed pressure waveform 100 and the distorted pressure waveform 110 shown in 
Figure 1, and attributing exemplary values of 1 to 5 along the pressure axis of Figure 1 for 
each of the pertinent peaks and/or baseline locations of the waveforms, the approximate 
hypothetical augmentation index Ah = (5 - 3.4) / (5 - 0) = .32 . However, the approximate 
measured (distorted) augmentation index Am = (5 - 4) / (5 - 0) = .20 . 

[0044] The above-derived hypothetical and measured augmentation index values, of 
course, represent augmentation index values for a living being of the same designated 
physiological characteristics in terms of height, weight and age, for example. Accordingly, 
because the approximate hypothetical augmentation index value of .32 is based upon a 
hypothetical perfectly-sensed pressure waveform, this .32 value could be stored as a generally 
accepted ideal augmentation index value for one of such designated physiological 
characteristics. Such generally accepted ideal augmentation index values are then available 
for future use. 

[0045] Ideally, the measured (distorted) augmentation index value of .20 would be 
accurate enough to compare it to the ideal augmentation value of .32 and conclude that the 
.12 difference between the ideal and measured augmentation index values is either within or 
beyond an acceptable augmentation index value comparative range of, for example, 0.27 to 
0.37 for a living being of similar physical, mental, emotional and psychological 
characteristics. However, because the measured pressure waveform 110 varies in shape from 
the hypothetical perfectly-sensed waveform 100, one cannot reasonably rely upon the 
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augmentation index Am derived from the measured pressure waveform 1 10 as an accurately 
reliable representation of that living being's vascular pressure waveform. As a result, one 
cannot reliably compare the measured augmentation index Am derived from that distorted 
waveform 1 10 to any data derived from catheter measurements-which closely approach the 
hypothetical perfectly-sensed pressure waveform. 

[0046] Figure 2 illustrates an exemplary hypothetical perfectly-sensed carotid artery 
pressure waveform 200 different from that of Figure 1 . For comparison purposes relative to 
Figure 2, Figure 3 illustrates an exemplary measured carotid artery pressure waveform 210 as 
detected by a tonometer sensor usmg low damping. The measured pressure waveform 210 of 
Figure 3 is clearly distorted relative to the pressure waveform of Figure 2. 

[0047] Similarly, Figure 4 represents an exemplary measured carotid artery pressure 
waveform 220 resulting from a tonometer sensor using medium damping. Figure 4 also 
shows a comp^ison of the measured carotid artery pressure waveform 220 to the same 
hypothetical perfectly-sensed pressure waveform 200 shown in Figure 2. Though the 
medium damping results in a measured pressure waveform 220 (dashed line) in Figure 4 that 
more closely approximates the ideal pressure waveform 200 (solid line) in Figure 4, 
distortion still occurs. The distortion resulting from the medium damping of the tonometer 
sensor is evident by the differences between the two waveforms 200 and 220, shown in 
Figure 4 as superimposed upon one another to emphasize that, though the shapes of the 
waveforms 200 and 220 are close, the two waveforms 200 and 220 are nonetheless different. 
As a result of the distortion in the waveform 220, a comparison of an augmentation index 
based on the hypothetical perfectly-sensed pressure waveform 200 and the measured pressure 
waveforms 220, for example, would not likely be a reliable indicator of the actual 
augmentation index values of that living being. 

[0048] Figure 5 represents a measured artery pressure waveform 230 detected by a 
tonometer sensor using high damping. Comparing the measured waveform 230 of Figure 5 
to the ideally perfectly-sensed pressure waveform 200 of Figure 2, it is evident that as a result 
of a highly damped sensor, the measured pressure waveform 230 substantially duplicates the 
shape of the hypothetical perfectly-sensed pressure waveform 200. The only substantial 
difference between the measured pressure waveform 230 of Figure 5 and the hypothetical 
perfectly-sensed pressure waveform 200 of Figure 2 is the amplitude (i.e., the vertical scale) 
of each of the waveforms 230 and 200. Otherwise, the shapes of the two pressure waveforms 
230 and 200 are remarkably similar. As a result, the data derived from each of the 
hypothetical perfectly-sensed pressure waveform 200 of Figure 2 and the measured pressure 



waveform 230 of Figure 5 will yield accurate and meaningful augmentation indexes that can 
be reliably compared to one another. 

[0049] Comparing the augmentation index values derived from each waveform 200 
and 230 reveals the amount of difference between these augmentation index values. A 
physician or a suitably programmed control system may then make a judgment about whether 
that difference is within or beyond an acceptable range. If the difference between the two 
augmentation index values is beyond an acceptable range, then that living being is deemed to 
have, or be at risk of having, possible vascular system obstructions, disease and/or other 
deficiencies. 

[0050] Of course, as discussed before with respect to the ideal augmentation index 
value of .32 derived from the hypothetical perfectly-sensed pressure waveform 100 of 
Figure 1 for a being of designated physiological characteristics, the ideal augmentation index 
value based on the hypothetical perfectly-sensed pressure waveform 200 of Figure 2 could 
also be calculated and stored for future use as a generally accepted augmentation index value 
for a being having similar physiological characteristics, for example, as the being that 
generated the waveform 200. 

[0051] Figure 6 represents a graph of generally accepted augmentation index values 
for persons of the designated physiological characteristics, which in this case is age. It 
should be appreciated that similar augmentation index value graphs may be used based on 
other, or additional, physiological characteristics such as, for example, height, weight, or the 
like. Likewise, a similar graph or graphs for generally accepted pulse wave velocity values 
based on one or more physiological characteristics, such as age, height, weight or the like, 
may also be used. 

[0052] Figure 7 illustrates an exemplary tonometric sensor device 3 00 according to 
the systems and methods of this invention. The tonometer sensor device 300 comprises a 
curved brace 3 10, a sensor holding member 320, a spring 330, a sensor case 340, a sensor 
head 350, a spring 360 and a cable 370. The spring 330 joins the curved brace 310 and the 
sensor holding member 320. The sensor case 340 is fitted to an end of the sensor holding 
member 320. The sensor case 340 has a spring 360 therein for biasing or controlling 
movement of the sensor head 350 extending from the sensor case 340 towards the curved 
brace 310. The angle between the curved brace 3 1 0 and sensor holding member 320 can 
change under the influence of the spring 330 by varying the spring constant of the spring 330 
such that the same tonometric sensor device 300 may accommodate human beings, for 
example, of various sizes or physiological characteristics by fitting the curved brace 3 10 and 
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sensor holding member 320 with the sensor case 340 and sensor head 350 to the different 
neck sizes of different human beings. 

[0053] The angle of the spring 330 between the curved brace 3 1 0 and the sensor 
holding member 320 when no torque acts on the spring 330 is the rest position of the spring 
330. The rest position may be varied by positioning the spring 330 at rest such that the angle 
between the curved brace 3 1 0 and the sensor holding member 320 can be changed even in the 
absence of a change in the spring constant. Of course, it should be appreciated that the 
positioning of the curved brace 310 relative to the sensor holding member 320 can be made 
by either a change in the spring constant of spring 330, a change in the resting position of 
spring 330, or both. 

[0054] Once fitted around the neck of a himian being, the sensor case 340 is 
positioned such that the sensor head 350 is generally over the location of the carotid artery of 
the human being. Preferably the sensor head 350 is positioned directly over the carotid artery 
of the human being. As a result, the pressure of blood traveling through the carotid artery, for 
example, in the human being may be sensed by the tonometer sensor device 300 and 
transmitted by a cable 370 to a plotting and/or graphing device. The plotted and/or graphed 
data can then be mathematically manipulated to derive an augmentation index or a pulse 
wave velocity value that can be compared to a generally accepted ideal augmentation index 
value or to a generally accepted pulse wave velocity value previously determined from 
clinical studies in which pressure waveforms for human beings of the same physiological 
characteristics are measured by using an invasive catheter. 

[0055] For the data detected by the exemplary tonometer sensor device 300 to 
render a blood pressure waveform that can be meaningfully compared to a hypothetical 
perfectly-sensed blood pressure waveform, however, the tonometer sensor device 300 must 
account for the various physiological tissues, systems and structures that exist in the general 
anatomic region of the carotid artery of a living being's neck. 

[0056] Figure 8 illustrates, in anatomical context, various tissues and stmctures that 
a non-invasive sensor, such as, for example, the sensor case 340 and the sensor head 350 
need to deal with in order to determine the blood pressure waveform in a blood vessel based 
upon the blood pressure in, for example, a human being's carotid artery. 

[0057] Figure 9 illustrates a more detailed diagram of the anatomical context 
generally shown in Fig. 8. In Fig. 9, the sensor case 340 positions a single sensor head 350 in 
contact against the outer surface of skin 41 1 of the neck 410 of a human 400 and over the 
general region of the carotid artery 420 that lies beneath the skin 41 1 and a muscle layer, the 
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platysma 412, just below the skin 41 1. To either side of the carotid artery 420 are the jugular 
vein 430 and the trachea 440. Just beyond the trachea 440 is the esophagus 450. Adjacent 
the esophagus 450 is the rectus capitus anticus major 460, and beyond the esophagus 450 and 
the rectus capitus anticus major 460 is the vertebrae 470 and the spinal chord 471 . 

[0058] Though other physiological tissues and structures may exist in the same 
general vicinity of the carotid artery 420, as depicted in Figs. 8 & 9, the identified tissues and 
structures represent the most significant ones as they are directly in line extending from the 
sensor head 350, through the carotid artery 420, and ending at the ventral surface of the 
vertebrae 470. In an approximate idealization of the complex behavior of the anatomy of the 
neck, we will assume that the behavior will be dominated by the tissues within the cross- 
hatched portion of Fig. 9. 

[0059] Figure 1 0 illustrates an exemplary lumped element diagram representing the 
physiological tissues and structures within the cross-hatched portion, the sensor case 340 and 
the sensor head 350 shown in Figure 9. The lumped element diagram of Figure 10 thus 
represents a series of connected lumped elements each representing a distinct portion of one 
or more of the physical elements shown in Figure 9, configured to simulate the dynamic 
behavior of blood pressure activities in a carotid artery. The elements configured to simulate 
the behavior of the sensor and neck tissues include masses, springs, and/or dampers. 

[0060] A frame 30 1 of the tonometric sensor device 300 includes those components 
of the tonometric sensor device 300 that hold the sensor case 340 in place on or about the 
location of the carotid artery 420. Those components of the frame 301 holding the 
tonometric sensor device 300 in place include, for example, the curved brace 310, the sensor 
holding member 320 and the spring 330. Thus, the mass, spring and damper elements of the 
frame 301 represent the physical characteristics of these components of the tonometric sensor 
device 300. 

[0061] As shown in Figure 1 0, a sensor 302 is mechanically connected between the 
frame 301 and the skin 41 1 of the neck 410 of the living being 400. The sensor 302 includes 
the sensor case 340 and the sensor head 350. The sensor case 340 and the sensor head 350, in 
particularly, impact directly upon the neck 410 of the living being 400. Thus, the mass, 
spring and damper elements of the sensor 302 represent the physical characteristics of the 
sensor case 340 and the sensor head 350. 

[0062J The links between the frame 301, the sensor 302, and the various tissues of 
the skin 41 1, the platysma 412, the carotid artery 420, the rectus capitus anticus major 460 
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and the longus colli 480 represent energy paths between these elements. More precisely, they 
represent inter-element forces and the displacements of the inter-element interfaces. 

[0063] Representing the tonometric sensor device 300 and the various tissues of the 
skin 411, the platysma 412, the carotid artery 420, the rectus capitus anticus major 460 and 
the longus colli 480 as lumped elements permits an analysis of the visco-elastic properties of 
each structure and tissue represented by those blocks. For example, using a Voigt model, the 
visco-elastic properties of each of these tissues (i.e., the skin 41 1, the platysma 412, the 
carotid artery 420, the rectus capitus anticus major 460 and the longus colli 480) is 
represented by four elements. The four elements are a spring and a damper, connected in 
parallel, and two masses. 

[0064] In such a Voigt model, for example, each of the structures 301, 302, 411, 
412, 420, 460 and 480 includes a spring element having a spring constat k. The spring 
constant k is: 

k = E *w *d/l (2) 

where: 

E is the Young's modulus; and w, d and 1 are the width, depth and length, respectively, 
of the respective structure or tissue. The skin 41 1 , the platysma 412, the carotid artery 420, 
the rectus capitus anticus major 460 and the longus colli 480 are each subject to the forces 
resuhing from applying the sensor head 350 to the neck 41 1 at or on the location of the 
carotid artery 420 and the pressure of blood in the carotid artery 420, for example. 

[0065] Various accepted values for E were attributed to the different anatomical 
tissues and/or structures in order to calculate the spring constant k above for each of these 
tissues and/or structures. For example, E for bone was deemed to be much greater than 

7 2 

1 0 N/m ( based upon common knowledge); E for the arterial wall was deemed to be 1 .9 x 
10^ (Melbin et al., 1988); E for muscle was deemed to be 2.0 x 10^ (Moss & Halpem, 1977); 
and E for skin was deemed to be 4.5 x 10^ (Potts, et al., 1983). The value of w for each tissue 
analyzed or used in tiie simulation was deemed to be the average width of all of the tissues or 
structures in the crosshatched region of Figure 9. The depth d of the tonometer sensor head 
350 was deemed to be 10 mm, and was used as d for all tissue or structure simulation 
calculations. The length 1 for each tissue or structure analyzed or used in the simulation was 
taken from the crosshatched region of Figure 9 for each respective tissue or structure. 

[0066] Similarly, each of these structures and/or tissues 3 0 1 , 3 02, 4 1 1 , 4 1 2, 420, 
460 and 480 includes a damping element or damper. The lumped damping element 
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represents all of the resistive properties of these structures and/or tissues. The damping 
coefficient of the lumped damping elements is: 

P = n *w* d/l (3) 
where t| is a viscosity coefficient. 

[0067] The various values for Tj were similarly assessed according to generally 
accepted values for each of the various tissues of the neck. For example, t| for the artery 
wall was deemed to be 250 N-sW (see Melbin, et al., 1988 for comparison); r{ for muscle 
was deemed to be 250 (Moss & Halpem, 1977); and ti for skin was deemed to be 23 (Potts, et 
al., 1983). 

[0068] In modeling each of the tissues 411,412, 420, 460 and 480, in various 
exemplary embodiments, the spring and damper elements of each tissue are connected in 
parallel relative to the other elements of these tissues. 

[0069] In addition to the spring and damping elements, each of the structures 301, 
302, 41 1, 412, 420, 460 and 480 includes a mass element. The lumped mass element 
represents all of the translational inertial properties of these structures and/or tissues. The 
mass m of the lumped damping elements is: 

m = p *w* d*l (4) 

[0070] In this case, the mass m of each tissue was determined using the density of 
water as p. For the tissues 411,412, 420, 460 and 480, the mass m of each tissue was 
divided into two elements, each representing one-half of the total mass of the corresponding 
tissue, respectively, to account for the distributed nature of the actual mass of each of these 
tissues. In modeling these tissues, each of the two mass elements is placed at one end of the 
parallely-connected spring-damper pair to simulate the effect of the tissue mass on the carotid 
artery pressure waveform to be generated. 

[0071] Usmg the hypothetical perfectly-sensed waveform 200 of Figure 2 as a 
representative baseline for comparing the simulated carotid artery pressure measurement 
waveforms, various damping values for the frame portion 301 of the tonometric sensor device 
300 were used to produce the simulated waveforms 210, 220 and 230 of Figures 3-5, for 
example. 

[0072] Initially, a damping constant of the frame portion 301 of the tonometric 
sensor device 300 was set to 2.5 * lO'^ N-s/m. This damping value did not produce a high 
fidelity waveform, however, as evidenced by the distorted waveform 210 in Figure 3. The 
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deviation or distortion of the waveform 210 shown in Figure 3, produced at a sensor frame 
damping of 2.5 * 10'^ N-s/m, is due to resonant oscillation of the sensor head 350, excited by 
harmonics present in the blood pressure waveform. 

[0073] Thereafter, a damping constant was set to 2.5* 1 0"* N-s/m. This damping 
value produced the waveform 220 shown in Figure 4. Though not as exaggerated as that of 
the distorted waveform 210 of Figure 3, distortion in the waveform 220 of Figure 4 was also 
evident as an obvious deviation from the shape of the hypothetical perfectly-sensed 
waveform 200 of Figure 2. Accordingly, a higher damping value is desirable to further 
reduce, or ideally eliminate, distortion in the simulated pressure waveform. 

[0074] Therefore, damping values were raised to a high damping value of, for 
example, 250 N-s/m, as shown in Figure 5. This high damping value of 250 N-s/m produced 
a pressure waveform 230 having a shape sufficiently similar to the hypothetical perfectly- 
sensed waveform 200 of Figure 2 to permit the data of the measured/sensed simulated 
waveform to be used as a reliable representation of the dynamic pressure activity in tlie 
carotid artery 420 of the living being 400. 

[0075] As a result of the findings of the simulated pressure waveforms of Figures 3- 
5 based on the lumped element representation of the tonometric sensor device 300 and 
various pertinent tissues as shown in Figure 10, a non-invasive tonometric sensor topically 
applied to the neck of a living being on or at the location of the carotid artery of the living 
being may reliably represent the arterial pressure waveform of the living being by choosing 
an appropriately high damping for the tonometer sensor frame. Further by choosing an 
appropriately high damping, distortions in the pressure waveform may be reduced, or ideally 
eliminated, and a high fidelity representation of the arterial pressure waveform may be 
achieved. 

[0076] Similar to the determination of the augmentation index of a human being as 
reliably derived from a non-distorted measured pressure waveform for comparison to 
generally accepted ideal augmentation index values, the pulse wave velocity of a human 
being may also be reliably derived, at least partly, from a non-distorted measured pressure 
waveform. However, an additional waveform, different than the measured pressure 
waveform, is needed to be used together with the pressure waveform in order to determine 
pulse wave velocity. This differs from the determination of the augmentation index which 
requires only a single measured pressure waveform for computation of the augmentation 
index value. The additional waveform required to determine pulse wave velocity of a living 
being may be one of either an electro-cardiogram (ECG) or a phono-cardiogram (PCG). 
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[0077] Figure 1 1 illustrates an exemplary representation of the shape of an 
electrocardiogram 500 and a corresponding phonocardiogram 600. Either of the 
electrocardiogram 500 or the phonocardiogram 600 may be used with a non-distorted 
measured pressure waveform, such as the waveform 230 shown in Figure 5, to determine a 
pulse wave velocity of a living being. The pulse wave velocity of the living being is then 
compared to a generally accepted pulse wave velocity value for a human being of similar 
physiological characteristics, to determine whether the being's pulse wave velocity is within 
an acceptable range in a manner similar to how the augmentation index range was used. If 
the measured velocity is beyond an acceptable pxilse wave velocity range, for one of similar 
physiological characteristics, then that living being is identified as having, or being at risk of 
having, possible vascular system obstructions, disease and/or other deficiencies. 

[0078] The electrocardiogram 500 illustrates the electrical impulses generated by 
the relaxation and contraction of the muscles of the heart as the heart pumps blood to the 
body and the lungs. A standard QRST waveform, as shown in the electrocardiogram 500 
graphically illustrates the pumping cycle of the heart. The Q portion 510 of the 
electrocardiogram generally represents the ventricles of the heart at rest and the contraction 
of the atria of the heart to push the blood from the atria into the ventricles. The R portion 520 
of the electrocardiogram 500 represents the beginning of the initial thrust of blood from the 
ventricles of the heart as the ventricles contract to eject blood from the ventricles to the lungs 
and body. The end of the R portion 520 of the electrocardiogram 500 represents the end of 
the initial thrust of blood from the ventricles. The R portion of the QRST waveform is much 
more prominent because the thrust required to eject blood from the ventricles to the body is 
much greater than the energy required to thrust blood from the afria to the neighboring 
ventricles as in the Q portion. After a brief period, represented as the S portion 530 of the 
electrocardiogram 500, a secondary thrust of blood from the ventticles of the heart occurs as 
the ventricles complete their contraction and close the aortic and pulmonary valves and 
deliver blood to the Ivmgs and body. The beginning of the secondary thrust of blood from the 
heart is represented by the beginning of the T portion 540 of the electrocardiogram 500 as 
blood is ejected from the ventricles of the heart to the Ixmgs and the body (see. Biology, Peter 
H. Haven and George B. Johnson, 1986, pages, 982-983). The end of the secondary thrust of 
blood from title heart is generally represented by the end of the T portion 540 of the 
elecfrocardiogram 500. Thus, a complete heart pumping cycle is generally represented by the 
elecfrocardiogram 500. 
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[00791 The phonocardiogram 600 is explained in relation to the electrocardiogram 
500 discussed above. A phonocardiogram is a graphical representation of the pumping 
activity of the heart as determined by sound. For example, a stethoscope having a 
microphone may be used to generate a phonocardiogram of the pumping activities of the 
heart. The first solid vertical line 610 of the phonocardiogram 600 represents the first heart 
sound and corresponds with the beginning of the initial thrust of blood from the ventricles of 
the heart. Thus, vertical line 610 corresponds to the beginning of the R portion 520 of the 
electrocardiogram 500. The second solid vertical line 620 of the phonocardiogram 600 
represents the second heart sound and corresponds with the end of ejection of blood fi-om the 
left ventricle of the heart. Thus, vertical line 620 corresponds to the closing of the aortic 
valve. 

[0080] Generally, pulse wave velocity is a measure of the time t it takes for the 
pressure in a vessel to travel a distance D firom a first location to a second location in a living 
being. Pulse wave velocity may thus be generally quantified as: 

Vpw = (D2-Di)/(t2-ti) (5) 

where: 

Vpw is the pulse wave velocity; 
D2 is a second location; 
Di is a first location; 

t2 is the time the pressure arrives at the second location; and 
ti is the time pressure leaves the first location. 

[0081] The electrocardiogram 500, for example, provides a first location Di, which 
is the heart. The electrocardiogram 500 also provides a first time ti for example, when the 
initial thrust of blood pressure has left the heart. The time ti is at the peak of the R portion 
520 of the electrocardiogram 500. However, the electrocardiogram 500 fails to provide 
information about when that initial thrust of blood has reached a second location D2 a 
distance D2 - Di away from the heart. Nor does the electrocardiogram 500 indicate the time 
t2 when the initial thrust reaches the second location D2. Thus, to determine pulse wave 
velocity Vpw using Equation (5), a measurement of the same pressure received at another 
location in the body is required. 

[0082] Figure 12 illustrates an electrocardiogram 500 havmg an exemplary carotid 
artery pressure waveform 700 plotted on the same graph. The beginning of the upstroke 710 
of the carotid artery pressure waveform 700 of Figure 12 indicates the time t2 when the initial 
thrust of blood that left the heart at the end of the R portion 520 of the electrocardiogram 500 
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reaches the carotid artery. Thus, the time ti and time t2 are readily available when the 
electrocardiogram 500 and the carotid artery pressure waveform 700 are used together. 

[0083] Further, because the distance from the heart to a carotid artery may be 
individually measured to determine the distance D = (D2 - Di) between a first location Di, 
such as the heart, and a second location D2, such as the carotid artery, all of the information 
required to determine pulse wave velocity Vpw according to Equation (5) is available. 
Alternatively, the distance D between two locations on an individual's body may be taken 
from a table of distance values for individuals based on height, for example, hi any case, the 
distance D from a heart to a second location, such as a carotid artery of an individual where a 
tonometric sensor may be placed, is readily available. 

[0084] Alternatively, the pulse wave velocity Vpw could be determined using a 
phonocardiogram 600 with, for example, a carotid pressure waveform 700. Figure 13 shows 
the phonocardiogram 600 and the carotid pressure waveform 700 plotted on the same graph, 
together with the electrocardiogram 500 for reference. 

[0085] The second solid line 620 of the phonocardiogram 600 represents the second 
heart sound, which corresponds to the end of the ejection of blood from the left ventricle of 
the heart. That is, the second solid line 620 represents when the aortic valve of the heart 
closes at the end of the ejection of blood from the left ventricle of the heart. The time when 
the closing of the aortic valve occurs is the time ti. 

[0086] The carotid pressure waveform 700 shown in Figure 1 3 has a valley between 
the first peak 730 and the second peak 740. This valley is known as a dichrotic notch 720. 
The dichrotic notch 720 of a carotid pressure waveform represents the end of the ejection of 
blood from the left ventricle of the heart, i.e., the time when the aortic valve closes. Thus, the 
tune when the end of the main thrust of blood from the heart has occurred m the carotid 
artery is evident by the dichrotic notch 720 of the carotid artery pressure waveform 700 and is 
thus the time tj. Because of the distance from the heart to the carotid artery of every being, 
the time t2 evidenced by the dichrotic notch 720 occurs slightly later than the time ti at the 
end of the phonocardiogram 600, though both represent closing of the same valve. 

[0087] As before, the distance D between the heart and the carotid artery of an 
individual may be either measured dfrectly or retrieved from a table of values for distances 
from the heart to, for example, the carotid artery of an individual based upon heights. 

[0088] Havmg determined all of the necessary information from the 
phonocardiogram 600 and the carotid pressure waveform of Figure 13, the pulse wave 
velocity Vpw may be determined according to Equation (5 ). 
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[0089] Although the determination of pulse wave velocity Vpw has been described 
above with reference to a carotid artery pressure waveform, such as the carotid pressure 
waveform 700, it should be appreciated that the pressure waveform of any blood vessel may 
be used as well to make the same or a similar determination. 

[0090] For example, Figxire 14 shows a femoral artery pressure waveform 800. 
Because some pressure waveforms, such as, for example, the femoral artery pressure 
waveform 800 shown in Figure 14, may not show, for example, the details of the dichrotic 
notch 720 evident in the carotid pressure waveform 700, it may be desirable to determine the 
pulse wave velocity Vpw according to the electrocardiogram method as discussed above, 
rather than the phonocardiogram method discussed above. 

[0091] Alternatively, the pulse wave velocity to the femoral artery may be 
determined usmg both carotid artery and femoral artery pressure measurements. Referring to 
Figure 14, the time difference, tc, is found as described above in reference to Figure 13, tc 
being equal to ta-ti. Next, the time difference tcf, between the beginnings of the carotid artery 
pressure upstroke and the femoral artery pressure upstroke, is found. Then, the pulse wave 
velocity Vpw from the heart to the femoral artery is determined as: 

Vp^ = (D2-Di)/(t« + tcf) (6) 

where: 

[0092] Vpw is the pulse wave velocity; 
[0093] D2 is a second location; 
[0094] Di is a first location; 

[0095] tc is a time difference of the aortic valve closing for the pressure waveforms 
at the first location, for example the heart, and the second location, for example the carotid 
artery; and 

[0096] tcf is a time difference between the begirmings of the pressure upstrokes at 
the &st and second locations. 

[0097] It should be appreciated that, in addition to controlling damping to reduce, or 
ideally, eliminate, distortion in the vascular pressure waveforms described above, increasing 
the spring constant k or changing the resting position of the spring of the sensor frame 301 
may be used to have a similar distortion-reducing effect. Similarly, changing the mass m of 
the frame 301, sensor case 340, or sensor head 350 may also be used to produce a similar 
distortion-reducing effect in the vascular pressure waveforms. 
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[0098] While this invention has been described in conjunction with the specific 
embodiments described above, it is evident that many alternatives, combinations, 
modifications and variations are apparent to those skilled in the art. Accordingly, the 
preferred embodiments of this invention, as set forth above are intended to be illustrative 
only, and not limiting. Various changes can be made without departing from the spirit and 
scope of this invention. 



